Abstract-Health information networks (HINs) have become increasingly important in the structure of the health care industry. In this paper, we develop decision models and decision-support systems for designing and performing cost-benefit analysis of HINs. Our models prioritize the connection of various types of health providers to the network based on the costs and benefits of all participants: the network owners, information providers, and information users of the HIN. The business strategy underlying this analysis is to design the system with the maximum value for the network owner(s), while ensuring that the network would provide positive added-value to each of its nodes. Our framework could be used to examine the design and perform cost and benefit analysis for an existing network, the expansion of an existing network, or the development of a new network. One can also use the models for break-even point and scenario analysis. We have used our approach to examine an existing HIN [Wisconsin Health Information Network (WHIN)] and to perform scenario analysis for a possible restructuring of the network. Our empirical results in this case show that HINs could be highly profitable for all network participants.
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I. HEALTH INFORMATION NETWORKS (HINs)
H EALTH care has sbecome one of the most important service industries, and is undergoing rapid structural transformations [48] . A number of factors in these transformations have made access to health information and consequently information networks critical success factors for health organizations. One driving factor in this process is the expansion of for-profit managed care, which has fueled the consolidation of health providers and has created geographically diverse health conglomerates in need of networking [49] . "Hospitals, physicians, insurers, and managed-care firms are networking, merging, and forming horizontally and vertically integrated organizations to finance and deliver health care" [8] .
A number of factors are driving the emerging prominence of health information networks (HINs). Health industry participants, in various forms, have begun to leverage the technology trends for organizational change [1] , [23] , [38] . The second Manuscript received December 9, 1999 ; revised May 10, 2001 . This paper was recommended by Associate Editor R. Rada.
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factor is the movement of the patient from one provider to another within the same managed-care system, which has heightened the need for accurate and timely exchange of patient-focused, integrated information at multiple sites and across providers [1] , [11] , [12] , [17] . The third factor is physicians' growing dependency on managed plans and hospitals as they earn a smaller portion of their income from fee-for-service care, increasing their need to access patients' records from hospitals and testing facilities on the fly. In one 1995 survey, 87% of practicing physicians participated at least in one managed care plan [48] . The fourth factor is the providers' need to connect with insurers for eligibility authorization, referrals, pharmacy formularies, billing, and at times to larger employers, who directly buy health services for their employees. The fifth factor is the emergence of telemedicine and its dependency on information networks [10] , [18] , [28] , [42] , [43] . The sixth factor is large health providers' view of technology as a means of providing specialized, cost-effective care for patients in remote and rural areas [21] , [24] , [44] , [47] , [50] , [52] . The successful use of networking technology in other industries has prompted the health industry to look into health networks as one important approach in dealing with these complex factors.
A market survey reported that there are more than 500 HINs in the United States that have major activity in communities [20] . In the annual survey of health-care executives, 70% reported that they have either completed or are actively working on a system that makes patient information and histories available throughout the organization [35] . The biggest push is to connect physicians' offices with hospital information systems [34] - [37] .
Brennan [4, p. 2] defines an HIN as: "an integrated collection of computer and telecommunications capabilities that facilitate the exchange of patient, clinical, and financial information among physicians, hospitals, payers, employers, pharmacies, and related health care entities within a geographical region." HINs could have different structural forms: enterprise-owned (including vendor-owned) and open system (including community-or consortium-owned).
An enterprise-owned HIN is designed to connect various units, providers, services, and participants within a given enterprise. Such HINs normally have a centralized structure. Examples of such a structure are Covenant Health Care in Wisconsin, its parent company, the Wheaton Franciscan (which operates similar systems in Iowa and other states), and Project Spectrum in Missouri and southern Illinois [25] .
The open system concept of health information systems is the community health information network (CHIN). The advantage of such a system is the "community" concept, with its interorganizational exchange of information among health-care entities [15] , [39] . The CHINs idea began with creating a centralized MIS system for community health, in which a central repository would aggregate and store data and make the data available to a broad spectrum of community users [46] . However, creating a central database at the community level raises serious issues of data ownership and confidentiality [45] . The centralized approach is limited to the enterprise-level or government-level HINs that could manage issues related to data ownership and confidentiality. The decentralized approach to information exchange in CHINs is more acceptable to health industry participants and creates fewer problems regarding confidentiality and ownership of patient data [46] . Hence, many CHIN initiatives use a decentralized approach in their system design. The CHIN in the greater Dayton area has been implemented through the partnership of area hospitals, Ameritech, IBM, and the University of Dayton for sharing patient medical information among independent hospitals [19] . There are projects, some at the pilot stage, for using the Internet as the telecommunication backbone for creating CHINs with limited or full functionalities [15] , [27] , [22] .
There are both public-sector and private-sector ownership models for CHINs. An example of public-sector initiative at the federal level is the Centers for Disease Control and Prevention's creation of an integrated infrastructure for the Information Network for Public Health Officials [2] , [9] . An example of the state initiative is the investment by the state of Iowa in building a fiber-optic network to link 99 county seats, enabling the University of Iowa to set up a rural telemedicine experiment, called the National Laboratory for the Study of Rural Telemedicine. This laboratory uses the information systems of the university's hospitals and clinics to provide telemedicine to rural areas in Iowa.
The private sector has shown the most initiative in creating CHINs. The alliance of telecommunication companies and health care providers in creating HINs and CHINs is a common occurrence. Pacific Bell has developed the Bell Health Information Network, which "is expected to be used by half of California's health care providers covering a total of 11 million lives" [6] . In 1995, Ameritech Corporation (Chicago, IL) announced that Blue Cross Blue Shield of Illinois had hired it to provide an information network for 6300 members of the Blues' managed-care physicians group [6] . In 1992, a joint venture of Aurora Health Care and Ameritech created the Wisconsin Health Information Network (WHIN) [53] .
Single ownership of CHINs may prove to be unsuccessful. Ameritech established the Regional Health Information Network of Northern Ohio (RHINNO) in 1994, but it encountered resistance from the business and medical communities [18] . The popular sentiment is toward CHIN's ownership by consortia of hospitals, physicians, payers, and business interests, as shown in a survey [34] .
In their study of CHINs, Payton and Brennan [41] categorize CHINs in groups including telephone-accessible (including Internet-based), voluntary, and enterprise networks. The telephone-based and Internet-based CHINs have emerged as low-cost alternatives to deliver medical information and self-care services to patients through the Internet, voice mail, and conference calls. These networks are not motivated by financial gains and supported by nonprofit organizations, including local governments, universities, and community agencies [41] . On the other hand, voluntary networks parallel the decentralized for profit networks, whereas the enterprise-wide networks are mostly design to integrate constituent systems to deliver an integrated delivery approach, which has a more centralized and intraorganizational focus. In this paper, our focus is primarily voluntary networks, although our results could be used by enterprise-wide networks, as well.
The creation of an HIN and the participation in it require serious commitments by all entities involved. However, there is no formal mechanism for guiding the diverse and often divergent groups of clinicians, health managers, and technologists through the maze of analyzing and designing such networks. Delesie [13] has already observed the potentially critical role of academic research in bridging such gaps in the health care industry, and is demonstrated by Bretthauer and Côté [7] in modeling resource requirements in health care organizations. Furthermore, in their review of 333 publications on the management of health care technology, Kumar et al. [29] have identified cost performance to be the most pursued objective in the field.
In this paper, we develop a framework to identify the design of the network and to carry out scenario analysis for the costs and benefits of network designs. The application of our framework in analyzing WHIN shows the usefulness of our approach. Our empirical analysis has led us to conclude that health information systems could be quite profitable for all participants.
This paper has the following organization. Section II defines the problem. Section III formulates the decision models, and reports on the structure of the decision support system for using the models. Section IV analyzes the application of the models to the WHIN. Section V redesigns the WHIN architecture and provides the decision model to accomplish it. Section VI offers concluding remarks.
II. PROBLEM DEFINITION
An HIN can be viewed as a network of interconnected nodes. An information request originates from a node and is sent to another node in the network. A node can be an information provider or information user [40] . In WHIN at present, for example, a node is either a provider of information or a user of information but not both [53] . (There are exceptional cases, where a node could be set up to act as both the provider and user of information in WHIN.)
As a network expands and the extent of connectivity increases, a node becomes both the provider as well as the user of information. For example, a physician's office needs to access patients' hospital records, and to send its office records to labs or emergency rooms at various hospitals. This makes the physician's office both user and provider of information. If the physician is allowed to admit the patient to the hospital via the network from his/her office, then the physician's office not only provides the information to the hospital for use, it also provides the information for record updates. Therefore, as the scope of data exchange in the network increases, the interactivities among nodes increase, and the boundaries between the provider and user of information disappear.
We define network nodes as those units connected to the network, providing and/or using information. There are cost and benefit consequences in adding nodes to the network. As a node is added to the network, it provides information to other nodes; hence it generates benefits to all nodes that are connected to the network. However, nodes will not equally benefit from the information provided to the network. For example, if a hospital is added to the network, physicians and clinics that have dealings with that hospital will benefit most from the added node. Other hospitals that are located far away from the added node and have infrequent dealings with it will not benefit substantially from the addition of the node. Hence, the addition of a node creates a benefit for the entire network. However, the existing nodes would not have an equal share in the added benefit.
Another consequence of adding a new node is the benefit it receives from this connectivity. The benefit of joining a network could be tangible, such as saving cost or manpower, or intangible, such as increased physician satisfaction, faster service, or higher quality of care.
A third benefit is the ability of the network owner to sell network time to the node and make a profit from it. For example, a CHIN in the Midwest charges a fixed rate of $75 per month for connecting 15 physicians in a clinic and $0.50 per query per patient. In other cases, the node may also contribute to the equity ownership of the network and share the cost of setting up the network infrastructure and its maintenance.
Adding a new node also involves costs to the node and the network. The cost for the node could be divided into two parts: internal and external. The node's internal cost is what it has to invest in order to make its connectivity possible. For example, when a physician's office connects to a CHIN, it has to have the right computers, software, communication lines, and staff to handle the electronic exchange of information. The external cost for the node is its payment to the network.
The cost to the network is providing the needed services and possible interfaces to make the connection possible. Furthermore, as new nodes are added and the amount of information exchange increases, the speed of exchange may decrease and the network owner will need to expand the capacity of the network or even upgrade it to a more complex system.
Hence, designing a network or prioritizing the addition of nodes to a network involves a complex set of decision variables. The question that we address here is to provide a decision framework for designing a network configuration that optimizes the total value of the network, and provides a framework for a rigorous cost-benefit analysis in the design of the network.
III. DECISION MODELS
In developing a decision model for network design, the focus of analysis impacts the formulation. One focus could be the development of a new network. A slightly different focus is the break-even point analysis for answering the question of how many nodes should be connected to a network to make it viable. Yet, a third decision focus may be the analysis of new additional nodes to an existing network. A fourth case is when nodes are numerous and could be categorized into groups of homogeneous nodes. This last case in turn could have one of the above three focuses. In our empirical work, we began with the first focus in our modeling process and, by answering questions raised at different stages of our study, ended with the fourth one. We present all four models here, and report the application of the fourth case in Sections IV and V.
We formulate the problem from the for-profit network owner's point of view. The owner could be a single entity or a consortium. The business strategy guiding this formulation is that the owner maximizes its total profit, while ensuring positive added value to the network participants. Furthermore, we assume the following.
• Node will want to be connected only if the charge is less than or equal to the total benefit it receives.
• Benefit to node is the sum of all the information values provided by the other connected nodes.
• Benefits are translated to monetary values.
Notations (Costs, Benefits, and Values are in Monetary Terms):
Potential number of nodes.
Value of information added to node by node . Benefit of connection to the network for node . Cost for adding node . Charge for connecting node to the network (takes into account estimated usage of the network).
One if node is to be connected to the network, zero otherwise. Overhead cost-a step function of number and identity of customers connected. One if node is interested in being connected, given charge . Binary variable. Very large number. Overhead start-up cost for level , where a level represents a given number of nodes.
A. Decision Model for Connectivity in a New Network (D1)
The purpose of this model is to aid in deciding which candidate nodes should be connected to the network. The objective is to maximize the profit of the network owners, ensuring that user nodes receive at least as much value as they pay to the network owner.
Following the second assumption, the total benefit to node is computed as Node will desire to be connected to the network if the benefit it receives is higher than the price it pays, hence:
. Otherwise, node will not be connected and .
Therefore, the model could be formulated as a linear integer optimization as (1) s.t.
(2)
The objective function maximizes the total profit. The first term consists of fees paid to the network owner as revenue and the second term is the network owner's variable cost. The third term is the fixed overhead (start-up) cost of the network that depends on the number and identity of nodes in the network. The third term will be reformulated below. Equations (2) and (3) guarantee that node can be connected only if node wishes to be, and node will wish to be connected only if the total benefit it receives is equal to or larger than the fees it pays.
The third term in the objective function, , is a step function with levels (excluding the zero level), and can be presented as follows:
The levels of the overhead model show a network of variable size. Therefore, as the number of nodes connected to the network increases, the capacity of the network is exhausted and new investment is needed to expand its capacity. Hence, the fixed overhead jumps from one level to the next.
Assuming that is a nondecreasing cost function, we can insert it into our formulation and have a pure integer programming problem as follows. We replace in the objective function by (5) and introduce additional constraints as (6) (7) (8) Solving the D1 model (1)- (8) gives us the optimum design for the network configuration.
B. Decision Model for Break-Even Analysis of Nodes (D2)
In designing a network from scratch, one needs to know the minimum number of nodes that must be connected for the network owner to reach a break-even point. This is important when the network is being designed for the first time and the network owner needs to identify the nodes, which should receive the highest priority as its founding customers. This means that we should find the minimum and the identity of the nodes that will make the network viable. This can be achieved by solving the following optimization problem: (9) s.t. The formulation in this problem is similar to that in D1, with the exception that the objective function of the model (9) is the minimum number of nodes in the system, and the total profit of the network owner enters as a new constraint (10). This constraint is set slightly above 0 (e.g., 0.01) to exclude zero nodes as an acceptable solution.
C. Decision Model for Adding New Nodes (D3)
Another decision in designing a network is to add a new set of nodes to an existing network. There may be several potential new nodes. The question is which ones should be added to the network. This guides the network owner about the nature of the new customers it has to seek to expand the network.
To formulate this model, let (with power ) and be, respectively, the set of existing and potential nodes. Suppose that there is a decision to add a maximum of nodes to the network ( could be equal to 1; in which case we consider adding one new node). Then the decision model can be formulated as (14) s.t.
where
Assuming that is a nondecreasing cost function, we can insert it into our formulation and have a pure IP problem as follows. We replace in the objective function by (19) This formulation differs from that in (5) because the existing nodes ( s) enter in the step functions as fixed parameters. We also need to introduce additional constraints (20) (21) (22) The decision model D3 (14)- (22) determines which of the new potential nodes should be added to the network.
D. Decision Model for Analyzing Categories of Nodes (D4)
In the process of our empirical investigation of using D1-D3 models, it became evident that in a large network, data requirements for individual nodes may become prohibitively expensive. In many cases, homogeneous nodes could be grouped into one category with the same or similar values for parameters. Most importantly, analyzing categories of nodes would be more informative for cost-benefit analysis than individual nodes in making decisions regarding the addition of a group of nodes and the related investment. For example, adding insurance companies to the network could have a radical impact on the design and implementation of the network. Such an addition could not be easily analyzed when only one insurance company is considered.
Formulating the decision problem for categories of nodes requires data for node categories only, and the actual number of connected nodes in each category is left for the model to determine. We allow for the possibility of setting an upper bound on the number of potential nodes in each category as well as on the maximum total number of nodes in the network.
To accomplish this, we change model D1 to create D4 in the following manner. Constraints (2) and (4) in D1 are changed to (24) and (27) to accommodate categorization and constraint (26) is added in order to put a possible limit on the total number of nodes in the network. Hence, we have (23) s.t.
and integer,
Here, is the number of node categories, is the number of nodes in category , and is the variable that is set equal to 1 if at least one node of category is selected. Constraint (24) ensures that the number of nodes in each category does not exceed -the maximum number of nodes in that category. The network's capacity could be constrained to the maximum of nodes. Note that if holds, the constraint (25) holds for any of the nodes selected for category . The parameters , , and are defined to be the same for any node that belongs to category .
The model D4 not only determines which categories should be included in the network, it also determines the number of nodes in each category. We can formulate models equivalent to D2 and D3 by making similar adjustments in their constraints.
E. Decision Support Systems
We have developed four decision support systems (DSS-1, DSS-2, DSS-3, and DSS-4), based on the above four models. The systems are programmed in Visual Basic for Applications in Excel. Each system allows the user to input the parameters in the Excel worksheet, asks the user for the number of nodes, levels of overhead, and the related overhead values. It then automatically sets up the model, solves it using Excel Solver, and provides the user with the optimal solution. An example of the user interface is given in Fig. 1 .
In the example shown in Fig. 2 for the D1 model, , , . The other parameters also are in the Excel worksheet. The optimal solution, shown in Fig. 2 In this section, we report on the analysis of the costs and benefits of the existing architecture of WHIN. In the next section, we examine changing the architecture to include retrieval of patient information not only from hospitals, but also from all nodes, thus treating each node simultaneously as both a provider and user of information.
Wisconsin
Although the philosophy of HINs is sharing patient data among all nodes, in its present implementation, WHIN has two types of nodes: providers of information and users of information. Hospitals are the providers of information and other nodes, including hospital departments, are mainly information users. The network not only provides information exchange on medical records, it also offers the users a host of other services, such as claim submission, insurance eligibility verification, clinical reference systems (educational materials for patients), referrals, and e-mail. Some additional services include Internet access, Internet browser access for home and remote use, and outbound fax.
As Pemble [40] reports, WHIN connects 16 hospitals, eight clinics, seven insurance organizations, more than 1300 physicians, and eight ancillary organizations such as labs, pharmacies, transportation services, and home health agencies. However, membership in the network has been dynamic, with new connections and discontinuation of existing connections a common occurrence. At present, WHIN connects 14 hospitals, seven insurance companies, more than 1300 physicians, eight clinics, and 20 ancillary organizations, including ambulance services, private billing services, nursing homes, and home health agencies [53] . For our present study, we collected eight months of data on WHINs more than 220 nodes of information users with various levels of activity. (Note that a group of physicians may be one user node.)
Since the purpose of our study was to analyze the cost-benefit of categories of nodes for WHIN, we categorized the information user nodes into ten categories: 1) clinics (small, medium, and large); 2) MD offices (small, medium, and large); 3) billing services; 4) nursing services; 5) ambulance; 6) hospital departments. The information provider hospitals were categorized into small, medium, and large.
Clinics and physicians' offices overlap in many ways, and are not distinguishable by their names. A physician's office may be much larger in the size and scope of work than another office that is called a "clinic." For consistency of analysis, we used the number of physicians as the criterion for distinguishing between clinics and MD offices, as well as in categorizing them by size. This criterion was used in analyzing the WHIN data.
We defined an office with four or fewer physicians as an MD office, and an office with five or more physicians as a clinic. A small MD office has one physician, a medium MD office has two or three physicians, and a large MD office has four physicians. A small clinic has five to ten physicians, a medium clinic has 11 to 25 physicians, and a large clinic has more than 25 physicians. We used the WHIN data to arrive at these categories. We also categorized information-provider hospitals into small (average of 100 staff physicians and 100 beds), medium (average of 250 staff physicians and 250 beds), and large (average of 500 staff physicians and 500 beds).
Since the data for nodes within each category were similar, we were able to perform cost-benefit analysis using the D4 model.
This model requires the estimation of parameters for fee charges ( values), costs ( and values), and information values ( values) for categories of nodes.
Network Owner Fee Charges and Costs: WHIN charges its nodes a one-time entry cost and a monthly fee. The fixed one-time entry fee covers the software, training, and start-up costs. The monthly fee is based on the type of information exchange (such as medical records, electronic claim submission, and eligibility verification) as well as the number of transactions in each category. (There is a second type in which a flat monthly fee replaces the variable transaction charges for medical records.)
The determining factors in the variable monthly fee structures are mainly the number of physicians, number of users, number of concurrent users (number of possible simultaneous connections to the network), number of workstations, and the existence of a local area network (LAN). We used WHIN's data to estimate an average profile for each information-user category. Table I shows a summary of profiles for each information-user category. The user profiles were needed for estimating the fee charges.
Another piece of information needed for estimating the monthly fee charges was the number of monthly transactions in each node category. Since WHIN offers a variety of services, we needed to estimate the monthly transactions in each category of services. The transaction categories include clinical inquiries, claims submission, payor inquiries, clinical reference systems (CRS), i.e., educational literature for patients, referral, and e-mail. We collected monthly transactions for eight months (the data available to us) in order to estimate the average number of monthly transactions for each service type by each information-user node type. Table II reports a summary of these estimates.
An interesting observation is that the number of transactions per physician in clinics and MD offices are quite variable, and some smaller offices have a larger number of monthly transactions than larger offices, which could be considered an indication of more efficient use of the network. This is particularly true for medium-size and large clinics, which have elected not to utilize the network services in processing claims and CRS. Hospital departments' utilization of the network services, considering the number of their staff physicians and users, is rel- atively low-perhaps because they have their own system for such services. In this case, these health organizations have great opportunities for significant cost savings through system integration.
We applied the fee structure of WHIN to estimations reported in Tables I and II to compute the one-time flat fee and variable monthly fees for each node category. We also used WHIN data to estimate overhead costs for each category of nodes. The details for fee and cost structures are not reported here for confidentiality reasons.
User Benefits: WHIN is one of the pioneering HINs that has studied the cost savings in connecting to the network as opposed to the traditional system of patient information exchange. WHIN's impact study, based on a study of 20 offices, reports that there is on average a saving of $5.10 per transaction by the medical records departments in hospitals, $2.50 per transaction for clinical information requests by physician offices, and $1.00 per transaction for electronic referral requests [30] , [31] , [40] . This report, however, does not show the pairwise benefit of connectivity. In other words, a clinic may have all its benefit from connecting to one hospital, or the benefit may be spread over five different hospitals, in which the physicians in the clinic treat their patients. Furthermore, although cost saving is an important aspect of benefits to the network, the quality and timeliness aspects of the connectivity are also important, and they are not included in the report of the cost savings.
The benefit of using WHIN was estimated based on the cost saving per transaction of $2.50 for clinical transactions, and $1.00 for referral requests. We reasoned that the savings in claims and payor eligibility have the same nature as referrals, and hence should have similar savings of $1.00, and e-mails and CRS should have half the saving as referrals, and hence a cost-saving benefit of $0.50 per transaction.
Based on the profiles, we estimated the cost and benefit of using WHIN for each user category over a five-year period, as reported in Table III. The information user pays a one-time fee for connectivity, and then a monthly fee, which is partly based on their use of the network as well as on the number of physicians (if the node is of MD or clinic type), number of workstations, and LAN. The five-year cost for each user type was based on the fee structure of each user category.
Analysis: According to Table III, in the benchmark case, the constraint (25) in D4 is satisfied for all node categories, in that all nodes connected to the network benefit from it, but to a varying degree. Large clinics, billing services, and ambulance services reap the largest net benefit from connectivity. However, when we compute the net benefit per physician or per user, the picture changes. Net benefits per physician or user could indicate the efficiency of use in each type of node. Ambulance services are the most efficient users of the network. They have a relatively small number of users that use the system extensively, hence generating significant net benefits. Hospital departments, on the other hand, have a large number of staff physicians and users, but utilize the network the least; hence, are they the least efficient users of the network. Large clinics reap the largest net benefit from the network. However, their net benefits per physician and per user indicate that these clinics could substantially increase their benefit by more extensive utilization of the network services. The relatively low efficiency of the larger medical units indicates the opportunity for significant gain by redesigning and integrating their existing information systems with the network.
Hospitals are the information providers, and they are the ones who benefit most from connectivity to various information users. In other words, when a hospital is connected to ten clinics, every time any one of these clinics makes a request for a clinical record, the system saves the hospital $5.10 in cost alone, not considering the patient and physician satisfaction and quality of health service delivery. The fee structure of information providers is much higher both for the one-time fee and monthly fees, and depends partly on the number of staff physicians in the hospital. The details are not reported here for confidentiality reasons.
We set up D4 model using 11 nodes (ten information users and one large hospital), assuming that all ten node types are connected to this hospital type. As a benchmark for minimum benefits, we allowed benefits only between the hospital and the information users, and not among the information users.
This analysis led to the conclusion that connectivity to WHIN is highly cost-effective for all node types. For this analysis, we defined a fully dedicated equivalent node as a node whose transactions are exclusively with one hospital. The fully dedicated connectivity is not a common practice in most cases. However, a hospital may have four large clinics on WHIN, each of which has 25% of its transactions with that hospital. In that case, four large clinics would be equivalent to one fully dedicated large clinic.
Our analysis shows that a large hospital with even one fully dedicated equivalent node in each category stands to benefit substantially. For example, a large hospital would have a net benefit of about $2.4 million in five years if one fully dedicated equivalent of each category is connected to it. For a large hospital to reach a break-even point of recovering its costs, it is enough to have only two large clinics, or alternatively, a large clinic plus one medium clinic (or large MD office) plus one billing service (all fully dedicated equivalent). The hospital reaches high profitability very quickly as the number of nodes in each category increases. This conclusion is not sensitive to the size of hospital if the nodes are fully dedicated. However, when the transactions are spread among the hospitals, it would take a larger number of nodes to have a fully dedicated equivalent node. Then a higher number of nodes would be needed to reach profitability. Hence, the profitability of the hospital is directly related to the number of nodes using its information as well as the percentage of the transactions of each node directed to that hospital.
The profitability of the network owner would be significant if it could contain its operating costs and the overhead for installing and maintaining the network. In our analysis, we did not have accurate figures for overhead and the variable (operating) costs of installing and maintaining each node. However, if the network can keep its installation and operating costs at 60% of what it charges, a network with only one node of each type would have a cash inflow of about $670 000 in 5 yr (this figure excludes the start-up cost and administrative overhead). The same network would generate $3.5 million in benefits for its participants, of which $2.4 million belongs to the participating large hospital. The important element in this analysis is that the installation and operating costs of each node must be lower than the fee the network charges to the information provider and user. Otherwise, the network would not be profitable as new nodes are added to the network.
As the number of nodes in each category increases, so does the profit of the network owner-as well as the total benefits for the network participants. This result shows that HINs, based on the existing data, produce value for their owners and participants. Considering the fact that access to networks could improve the quality of care through fast access to accurate and up-to-date patient information, HINs should be one of the major strategic tools of health organizations. The organizations that pioneer this technology will have the potential to gain substantial competitive advantage.
V. REDESIGNING THE WHIN ARCHITECTURE
The above analysis was based on the existing structure of WHIN. The next question was to use our decision framework to redesign the WHIN architecture. In the new architecture, we remove the existing dichotomy of information providers and information users, and allow all nodes (including hospitals) to be both providers and users of information. We make no distinction between the hospital and its departments in that all departments of a hospital may use and provide information.
Such a redesign needs to resolve a number of issues. The implementation of this design, whether enterprise-oriented, consortium-based, or community-based, raises issues regarding the confidentiality of patient information and the security of the information system [45] . Among these issues of great concern are integrity, availability, source control, errors/omissions, and leakage of patient information [26] , [32] , [51] . Such concerns are easier to address in enterprise-owned networks than open systems. However, with the increasing value of information networks in health care, none of these challenges could pose an insurmountable barrier to building such networks.
When nodes are both the providers and users of information, it would be necessary to compute the pairwise benefit of connectivity for each node. We report this analysis for the clinical transactions and clinical node types only. As before, we use $5.10 savings for the provider of information and $2.50 for the user of information. In this analysis, a node could be both the provider of information (saving $5.10) when other nodes access it and the user of information (saving $2.50) when it accesses other nodes.
We report our estimation of the pairwise benefits of nodes over five years in Table IV . We included ten hospitals in the region that each node may potentially use. Each hospital has an equal chance of being used by a node. We use one type of hospital to simplify the analysis. We assume that there are 2000 MDs in the network's region. Each clinical inquiry may have the chance of one in 2000 to be directed at a given MD. The entries in Table IV show pairwise benefits between two single nodes of each type. As our D4 formulation shows, the benefit to a given node is the product of the pairwise benefit and the number of nodes in each category.
Using the WHIN data, we estimated that an MD generates 100 clinical queries to hospitals per month. We also made a conservative estimate of 100 transactions generated by each MD for information generated by other MDs (in other clinics or MD offices). A small clinic or MD office has to use the network to get information generated by other MDs. However, a medium or large MD office or clinic would have less need to access information generated by other MDs outside its own office, because it is possible that some needed clinical information would be available in its own office. Hence, we applied a 70% and 50% hit ratio for network access to other MD-generated information for medium and large clinics and MD offices, respectively. This is a conservative estimate for a network with many interacting nodes.
We used the benefits in Table IV in the D4 model. We kept the cost and fee structures the same as before. That is, we used the existing fee structure for the nodes and an operating cost at the level of 60% of the charged fee. We have performed the analysis only for large hospitals.
We computed the results using D4 for four scenarios. In these scenarios, we fixed the maximum number of potential nodes of nonhospital types, and changed the number of hospitals from one to two, four, and six; and the maximum number of total nodes to be connected to the network from 50, to 100, 200, and 300. We also computed the total profits (benefits cost) generated to all the participants in the network. The summary of the scenarios is reported in Table V. We assumed a start-up cost of $2 million for building the network for a 50-node connection. This overhead was then increased to $3.0, $3.5, and $4.0 million as the number of nodes increased from 50 to 100, 200, and 300, respectively. We have assumed the economies of scale with respect to adding nodes to a 100-node network. That is, when the number of nodes increases by a factor of three (from 100 to 300), the requirements for additional hardware and software resources would change by a factor far less than three.
As Table V shows, clinics are preferred to MD offices at the start. As the connected clinics reach their maximum potential numbers, then MD offices are added to the network. Not all potential medium and small MD offices are added to the network in the four scenarios we have reported here. They have lower priority and may be connected only when the capacity of the network goes beyond 300 nodes. This low priority is consistent with the fact that some small and medium MD offices do not have the needed resources in computers and manpower in place to be able to connect to the network. They would need additional investment for such connectivity.
The profits of the network owner as well as the participants increase as the total number of nodes is increased. The profit of the network owner (excluding its fixed operating costs) in- creases from $2.2 to $9.5 million as the number of connected nodes increases from 50 to 300. At the same time, the total net value-added for the participants in the network increases from $8.1 million in the first scenario to $19.4 million in the fourth scenario. The total value-added for the participants is more than twice the profit of the network owner.
Our analysis shows how to design HINs and perform cost-benefit analysis for them using our decision support systems. Our approach could bridge the gap among the diverse groups of decision makers involved with health information systems. Furthermore, the results of our data analysis indicate that HINs, at least in the case of WHIN, could provide substantial value to network owners as well as to information users and providers.
The idea of network for service delivery is not unique in health industry. Similar networks could be used for providing services on other industries. Leung et al. [33] report on a framework for a global community logistics network for the air cargo industry in Hong Kong. The members of this community consist of freight forwarders, integrators, warehousing and distributing agents and service providers, airlines, airport authorities, and cargo terminal operators. Our models could be useful in analyzing the design of such network in other industries as well. Furthermore, Borriello and Want [3] , in their review of upcoming web-based network technologies, predict that, alongside home automation, health monitoring through the web access will be an important application of web-based technologies. Such development will require secure web-based architectures and extend the active health network participants to include patients who are attached to web-based health monitoring devices. Our framework could be applied to cost-benefit analysis of designing such systems and for prioritizing the connectivity of various type patients to such systems.
VI. CONCLUSION
The health care industry is going through a period of radical changes in its market structure and in the internal organization of its member companies. In this period, the effective utilization of technology plays a strategic role. HINs are an important technological tool that could facilitate these changes. While the importance of such systems is well recognized in the industry, government, and academia, there is no formal framework for designing and performing cost-benefit analysis for such networks. In this research, we provided such a framework and use it for analyzing and redesigning one of the pioneering systems in this area.
In this paper, we formulated a number of decision models for designing an HIN with different decision focuses, and performing cost and benefit analysis on a formal and rigorous basis. The process of our empirical investigations led us to formulate four decision models for determining the connectivity of candidate nodes to a network for exchanging patient information. The first model determines the design of a new network by maximizing the owner's profit and ensuring benefits for all nodes connected to the network. The second decision model identifies the minimum number of nodes needed to make a network break even. The third model determines the expansion of an existing network. The fourth model performs similar analysis for categories of nodes.
We applied our framework to an existing health network: WHIN, a pioneering enterprise in its own right. The existing architecture of this network is that hospitals are the providers of information to the network, and MD offices, clinics, and other health organizations are the users of the information.
We categorized WHINs information users into ten user-node types, and three providers of information (three hospital types). We collected data from WHIN regarding the users of the network and its fee structures. A user profile for each node type was developed. We also computed the average number of monthly transactions from WHINs records. This made us able to estimate the users' costs and charged fees. Since there was a prior study regarding the cost-saving aspect of providing and using the network, we were able to estimate the benefits enjoyed by each category from connectivity to the network.
We were surprised by the extent and variability of the average net benefits that the node types incurred from using the network and providing information to it. The hospitals, which are the major providers of information, stand to benefit the most from it. Medium-size clinics, billing services, and ambulance services also benefit substantially from connectivity to the existing network.
The information users do not utilize the network with the same efficiency. Some larger medical units and hospital departments are not taking full advantage of the system, and have the potential for significant gains if they integrate the network with their internal information systems and re-engineer their process to increase their use of network services. The profit of the network owner depends on its cost structure for installing and maintaining each node type. If the owner succeeds in keeping costs to about 60% of the charged fees, it stands to reap substantial benefits.
We estimated pairwise benefits from the data provided by WHIN and certain assumptions regarding the number of MDs and hospitals in the region. Our analysis showed that the nodes would be of great benefit to both the network owner and network participants. The network owner stands to reap substantial benefits as long as two conditions are satisfied.
1) The network should be fully utilized with the transactions by each node type reaching the average level for that type.
2) The network owner should have the ability to contain its installation and maintenance costs. We believe that our framework provides a rigorous basis for planning and performing cost-benefit analysis for information networks. It quantifies the overall design of such networks, and hence makes it possible to decide connectivity allocation to potential nodes. We were able to utilize our approach in analyzing the existing structure of WHIN and in redesigning its architecture. Our analysis of WHIN showed that indeed such networks provide substantial values to all parties involved-network owners as well as information users and providers.
This work could be extended by applying the proposed models in evaluating other HINs as well as in assessing networks designed for interorganizational cooperation in other industries. It could also be used for prioritizing access and use in the settings where the use of the network may require substantial commitment of financial and human resources. He has authored and coauthored several papers and presentations on topics including spatially enabling the CPR and the role of health networks and regional data repositories.
